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ABSTRACT  
   
Overall, biofuels play a significant role in future energy sourcing and deserve 
thorough researching and examining for their best use in achieving sustainable goals. 
National and state policies are supporting biofuel production as a sustainable option 
without a holistic view of total impacts. The analysis from this research connects to 
policies based on life cycle sustainability to identify other environmental impacts beyond 
those specified in the policy as well as ethical issues that are a concern. A Life cycle 
assessment (LCA) of switchgrass agriculture indicates it will be challenging to meet U.S. 
Renewable Fuel Standards with only switchgrass cellulosic ethanol, yet may be used for 
California's Low Carbon Fuel Standard. Ethical dilemmas in food supply, land 
conservation, and water use can be connected to biofuel production and will require 
evaluation as policies are created. The discussions around these ethical dilemmas should 
be had throughout the process of biofuel production and policy making. Earth system 
engineering management principles can help start the discussions and allow 
anthropocentric and biocentric viewpoints to be heard. 
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CHAPTER 1 
1 INTRODUCTION AND BACKGROUND 
Introduction 
The biofuels industry has grown in the U.S. over the past few decades due to 
multiple drivers including pollution reduction, limited resource management, and 
energy independence (Demirbas, 2009). Major environmental concerns connected to 
fuel come from the emission of greenhouse gases (GHGs) from fossil fuels used 
industrially, commercially, and in the transportation sector (Charles et al., 2007; Dixon 
et al., 2010; McGee et al., 2011). GHG emissions drive global warming which brings 
additional environmental concerns such as ecosystem imbalances and altered weather 
conditions (Gomiero et al., 2010). Energy independence will allow for the U.S. to pursue 
private energy security, reducing the need to obtain foreign fuel sources (Dixon et al., 
2010). This adjustment will also influence the economic sector for the country, changing 
international trading, taxation, and job opportunities in energy production(McLaughlin 
et al., 2002). Overall, biofuels play a significant role in future energy sourcing and 
deserve thorough researching and examining for their best use in achieving sustainable 
goals.  
The motivation for this thesis is to provide insight on unintended consequences 
and complex issues for switchgrass, a leading biofuel feedstock, before it reaches large 
scale production. National and state policies are supporting biofuel production as a 
sustainable option without a holistic view of total impacts. The analysis from this 
research connects to policies based on life cycle sustainability to identify other 
environmental impacts beyond those specified in the policy as well as ethical issues that 
are a concern. This research will contribute to the literature used to help understand 
uncertainties in biofuel production and consumption. 
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The work presented in this thesis is based on the potential role of biofuels in the 
transportation sector. The research is focused on a leading feedstock for biofuels, 
switchgrass (Panicum Virgatum L.), and its contribution to biofuel production for the 
U.S. The Environmental Independence and Security Act (EISA) and California’s Low 
Carbon Fuel Standard (CA LCFS) serve as examples for policy analysis and the role of 
switchgrass biofuels. The thesis highlights potential environmental tradeoffs and ethical 
dilemmas that will need to be addressed as switchgrass-derived fuel is produced to meet 
such federal and state policies. The research approach combines three disparate methods 
to consider biofuels in the U.S.; policy analysis, environmental impacts, and 
environmental ethics. Figure 1 shows that many biofuel research studies incorporate 
only one or two of the methods to discuss biofuels. The literature lacks discussion 
considering all three methods of describing the biofuel industry. There is a gap in 
connecting all three methods in advancing biofuels. The policy analysis for this thesis 
focuses on EISA and CA LCFS.  
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Categories of Biofuel Production Reviewed in Research 
 
Figure 1- Categories of Biofuel Production Reviewed in Research. The dotted 
lines indicate studies reviewed during the research. The red solid line shows the unique 
approach of reviewing biofuels connected to policy, environmental impacts and ethics.  
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Table 1- Published information on switchgrass biofuel can be found according to the 
categories outlined in Figure 1. There is a research gap in combining policy, 
environmental impacts, and ethics 
 
Authors Year Title 
Charles, Ryan, Ryan & 
Oloruntoba 
2007 
Public policy and biofuels: The way 
forward? 
Mabee 2007 
Policy Options to Support Biofuel 
Production 
Tyner 2007 
U.S. Ethanol Policy - Possibilities for the 
Future 
Chamberlain & Miller 2012 
Policy incentives for switchgrass 
production using valuation of non-market 
ecosystem services 
Cherubini & Jungmeier 2009 
LCA of a biorefinery concept producing 
bioethanol, bioenergy, and chemicals from 
switchgrass 
Farrell, Plevin, Turner, Jones, 
O'Hare and Kammen 
2006 
Ethanol Can Contribute to Energy and 
Environmental Goals 
McGee & Chan Hilton 2011 
Analysis of Federal and State Policies and 
Environmental Issues for Bioethanol 
Production Facilities 
Schmer, Vogel, Mitchell & Perrin 2007 
Net energy of cellulosic ethanol from 
switchgrass 
Tan, Lee & Mohamed 2008 
Role of energy policy in renewable energy 
accomplishment: The case of second 
generation bioethanol 
Wu, Wu & Wang 2006 
Energy and Emission Benefits of 
Alternative Transportation Liquid Fuels 
Derived from Switchgrass: A Fuel Life 
Cycle Assessment 
Jensen, Clark, Ellis, English, 
Menard, Walsh & de la Torre 
Ugarte 
2007 
Farmer willingness to grow switchgrass for 
energy production 
McLaughlin & Walsh 1997 
Evaluating Environmental Consequences 
of Producing Herbaceous Crops for 
Bioenergy 
Rossi & Hinrichs 2009 
Hope and skepticism: Farmer and local 
community views on the socio-economic 
benefits of agricultural bioenergy 
Thompson 2007 
The Agricultural Ethics of Biofuels: A First 
Look 
Vogel, Rejda, Walters & Buxton 2002 
Switchgrass Biomass Production in the 
Midwest: Harvest and Nitrogen 
Management 
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First, it is important to review the role policy is playing on the biofuel industry. 
Both federal and state policies have provided incentives for biofuels, motivated by energy 
independence and GHG reduction. In the sector of alternative fuels, overarching federal 
policies such as the 2007 Energy Independence and Security Act (EISA) in the United 
States established goals to reduce vehicular fuel from oil, lower GHG emissions, and 
focus on alternative fuels such as ethanol and biodiesel. Along with such federal policies, 
state incentives and regulations such as California’s Low Carbon Fuel Standard have 
GHG reduction goals. State policies can contribute to the U.S.’s movement towards 
energy security and carbon reduction through the use of alternative transportation fuels.  
The tailpipe emissions are a major concern for GHG emissions in transportation. 
Policies that target only tailpipe emission miss upstream impacts before the use phase. 
When policies limit compliance to certain phases of the biofuel, unexpected 
consequences appear due to impacts not regulated. Impacts from other phases may show 
that the desired biofuel, either feedstock, conversion process, or targeted volume 
replacement, may not be as beneficial intended. 
In order to identify upstream and indirect impacts from biofuel production and 
use, Life Cycle Assessment (LCA) can provide the insight policy makers need when 
determining the influence of leading biofuel feedstock. LCA can give a holistic view of 
impacts by indicating environmental impacts throughout all phases of products and 
processes – production, use, and disposal. Standards on conducting LCA are provided in 
the International Organization of Standardization standard 14040:2006 (throughout the 
document this LCA standard is referred to as ISO 14040). The standardized process of 
conducting an LCA consists of the following steps outlined in Figure 2: 1) defining the 
goal and scope 2) life cycle inventory (LCI) data collection 3) impact assessment (LCIA) 
4) interpretation of all data and results and 5) reporting findings (Organization, 2006). 
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The ISO 14040 – Environmental Management - Life Cycle Assessment – Principles and 
Framework describes each step and the overall use and limitations of an LCA. The use of 
LCAs in biofuel policies will allow for forethought to be used to identify possible 
unintended consequences.  
 
The Steps of Conducting an LCA 
 
Figure 2 – The Steps of Conducting an LCA. The process is according to ISO 14040 
standards. 
 
As the number of biofuel policies increase and higher volumes promoted, it is 
vital to consider all phases involved to ensure a sustainable course of biofuel 
development. Without a holistic view on the outcomes from altering biofuel feedstock, 
production processes, and consumption patterns, it is not possible to predict net 
sustainable impacts from the driving policy. Using LCA in connection with biofuel 
policies will enable policy-makers to focus efforts on key industries and areas that will be 
impacted such as the agriculture sector. For switchgrass to add to biofuel targets, 
assessing potential consequences through LCA is needed to prepare the industry and 
move forward from research phases. 
Goal & 
Scope 
Inventory 
Collection 
Interpretation 
Impact 
Assessment 
Reporting 
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The potential issues in commercial scale production of switchgrass-derived 
biofuels can also create environmental ethical dilemmas. Environmental ethics centers 
around the challenges related between human advancement and environmental 
preservation, the basis for principles used to interact with nature (Minteer, 2009) 
Personal views on the value of nature shape how societies respond to new technologies 
that will change environmental conditions. Callicott (2012) says environmental ethics 
can be described as the combination of ecology and science to determine a value based 
system of constraints on behaviors necessary for both environmental and human benefit. 
For example, individuals may voice their personal ethical beliefs and start movements 
such as with Rachel Carson and Silent Spring in the 1960’s (Carson, 2008). The views 
involved in biofuel production and use vary drastically, covering the entire spectrum of 
beliefs about the relationship between humans and the environment. Some dilemmas 
around biofuels include food supply impact, land use change, and water distribution.  
Policymakers have the responsibility to evaluate all sides of the dilemmas before 
instituting new laws. The dilemmas can be discussed using earth systems engineering 
management (ESEM) principles, topics for consideration before interacting in natural 
systems (Allenby, 2007).  
Considering the missing research gaps of connecting policy, environmental impacts, 
and environmental ethical dilemmas, the following objectives are set for this thesis work 
and covered in the following chapters. 
 Objective 1: Perform an LCA on switchgrass produced for cellulosic ethanol and 
drop in fuels, focusing on the cradle-to-gate agriculture phase. 
 Objective 2:  Use U.S. RFS2 2022 goals and CA’s Low Carbon Fuel Standard GHG 
baseline scenarios to address the role switchgrass have to meet biofuel policies.  
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 Objective 3: Connect environmental ethical dilemmas of ecosystem altering, land 
use change, and water rights to the biofuel production for environmental 
improvements discussion using ESEM principles. 
Organization of Thesis 
The thesis consists of 3 chapters to present the findings from the research. The 
introductory chapter continues with background information necessary to understand 
U.S. biofuel policy, use of LCA in connection with biofuels, and the interest in 
switchgrass for biofuels. Chapter 2 is the methods and results of the LCA study focused 
on the agriculture phase of switchgrass-derived biofuels. The chapter also includes a 
policy analysis of the Renewable Fuel Standards (RFS2) and California’s Low Carbon 
Fuel Standard (CA LCFS). The last chapter brings in more discussion on environmental 
ethics involved in biofuel policies and provides final conclusions and suggested future 
work. Chapters 1 and 2 were prepared in conjunction with research conducted for a 
United States Department of Agriculture project awarded to Arizona State University 
and the University of Pittsburgh. .  
Background 
 
U.S. Biofuels Policy 
 The development of U.S. biofuel policy can be seen as a progression from 
environmentally-focused policies in the 1950’s and 60’s. Beginning in 1955, the country 
saw the need to monitor air quality by enacting the Air Pollution Control Act. Air quality 
concerns continued by the enactment of the Clean Air Act in 1963, which was later 
amended to include biofuel-specific regulations in regards to air and water quality and 
pollution control ("Air Pollution Control Act," 1955; "Air Quality Act of 1967," 1967; 
"Clean Air Act Amendments," 1963; "Clean Air Act Amendments of 1970," 1970; "Clean 
Air Act Amendments of 1977," 1977; "Resource Conservation and Recovery Act ", 1976; 
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"Safe Drinking Water Act," 1974; "Surface Transportation Assistance & Highway 
Revenue Act," 1982; "Toxic Substance Control Act," 1976).  Biofuels were eventually 
addressed in the 1970’s by the addition of a tax exemption for ethanol in the Energy Tax 
Act of 1978 (Tyner, 2008). In 1990, the Clean Air Act amendment provided specific 
standards on renewable fuels, incorporating biofuels in future industry to be heavily 
incorporated in future environmental policy making ("Clean Air Act Amendments of 
1990," 1990). 
 There also exists a connection between biofuels policy and energy regulations. In 
the 1980’s and 90’s, environmental policies started to include energy regulations such as 
the Alternative Motor Fuels Act of 1988 and Energy Policy Act in 1992 ("Alternative 
Motor Fuels Act," 1988; "Energy Policy Act of 1992," 1992). Each of these policies 
included terms for alternative fuels, including biofuels. The policies of this time began to 
consider energy quantity and sourcing. This also marks the start of using policy to push 
for energy independence and security. Similar regulations on quantity and sourcing can 
be seen in the 2005 Energy Policy Act as well as EISA. 
 The present biofuels policies use different means to meet a combination of 
environmental and energy purposes. As mentioned, EISA is an example of biofuel policy 
that is set to increase the volume of biofuels as well as improve the environment through 
GHG reductions. Other biofuel policies set regulations on the industry as a whole, 
promoting green jobs and biorefinery development such as Executive Order 13423 of 
2007. Other pieces to biofuel policy are put in place to ensure the availability of 
feedstock cultivation. All of these policies require an incentive for compliance. A major 
incentive for biofuel production and use comes from economic benefits. Tax exemptions, 
subsidies, and refunds encourage the development and use of next generation biofuels 
(Sims et al., 2010).  
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Biofuel volume targets created by policies can push the alternative energy 
industry forward (innovate). EISA and others also encourages the investment beyond 
first-generation biofuels (corn ethanol), into 2nd and 3rd generation biofuels, those from 
non-food sources and residues of agriculture.  In 2009, the RFS program was revised 
commonly referred to RFS2. Under the RFS2, the EPA set the renewable fuel standard 
projection up to the year 2022 and indicated that out of the 36 billion gallons biofuel 
produced only 15 can be from conventional corn ethanol. The remainder needs to come 
from biodiesel (50% life cycle GHG threshold reduction) such as from soybean oil, non-
cellulosic advanced biofuels (50% life cycle GHG threshold reduction) such as grain 
sorghum, and majority from cellulosic ethanol (60% life cycle GHG threshold reduction) 
such that can be created from switchgrass. In order to use next generation biofuels, new 
technologies in production and in the transportation sector need to continue to develop.  
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RFS2 Volume Targets 2010 - 2022 
 
Figure 3 - RFS2 volume targets 2010- 2022. The volumes are for corn, advanced 
fuels, cellulosic fuel, and biodiesel (EPA, 2010) 
 
CA LCFS is an example of setting state GHG reduction policy on life cycle 
impacts. The CA LCFS was passed in 2007 as part of the Executive Order S-01-07. The 
standard requires a 10% reduction in carbon intensity of fuel in the transport sector by 
2020 for the whole state. The program does not require specific alternative fuel targets 
like RFS2, but uses a credit and deficits system to encourage reducing life cycle carbon 
intensity (mass CO2 eq. per MJ of fuel) of transportation fuels.  CA LCFS has been 
regulated by the California Air Resources Board (CARB) since 2009. 
The Interest in Switchgrass 
Research indicates many feedstocks and alternatives for biofuel production in the 
U.S. beyond current first generation biofuels. The major contributors for ethanol in 
motor vehicles are corn and sugarcane, but both have been criticized for impacting food 
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supply and low energy return on investment (EROI) values for production(Stein, 2007; 
P. B. Thompson, 2012).  Other agricultural feedstocks such as switchgrass are of new 
interest because of their availability, lack of direct influence on the food supply, and 
ability to produce fuel that will comply with biofuel regulations while feasibly meeting 
the demands for the U.S. In connection to RFS2 goals, next generation biofuels are 
necessary to reach the 36 billion gallon biofuel target by 2022. Table 2 shows the EPAs 
estimations for biofuels in 2022, capping first generation corn ethanol at 15 billion 
gallons (USDA, 2010). 
Table 2- The values of the predictions represent the desired volumes according the 
RFS2 36 billion gallon target for 2022 set in 2009. Switchgrass and other perennial 
grasses are predicted to be the next largest contributor to biofuels compared to 
conventional corn ethanol. 
 
EPA Feedstock Assumptions and Gallons by 
2022 
 
Switchgrass (perennial grass) 7.9 bg 
Soy biodiesel and corn oil 1.34 bg 
Crop residues (corn stover, includes bagasse) 5.5 bg 
Woody biomass (forestry residue) 0.1 bg 
Corn ethanol 15.0 bg 
Other (municipal solid waste (MSW)) 2.6 bg 
Animal fats and yellow grease 0.38 bg 
Algae 0.1 bg 
Imports 2.2 bg 
 
Switchgrass (Panicum Virgatum L.) is an energy crop of interest, estimated to 
account for close to 40% by volume of U.S. biofuels in 2022.  Some of the agriculture 
characteristics that make switchgrass appealing included its lack of required 
maintenance, and ability to adapt to multiple weather conditions and grow on marginal 
lands.  It is found in most of the continental US, but heavily in the plains of the Midwest 
(Fike et al., 2006a; Vogel et al., 2002). Currently switchgrass is commonly used for 
erosion control, filling marginal empty lots of land, and can be found in animal feed. 
Since switchgrass is perennial, the initial preparation on land only needs to occur every 9 
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to 15 years (McDonald et al., 2006). Studies show that switchgrass can be harvested for 
biomass 2 to 3 times a year, yet the biomass yield is reduced compared to a single harvest 
(Douglas et al., 2009; Fike et al., 2006b; Sanderson et al., 1996; Vogel et al., 2002). The 
cultivars of switchgrass are commonly classified as either lowland or upland depending 
on the native geographical location.  The lowland switchgrass cultivars take longer to 
mature than upland strands (Lewandowski et al., 2003), while upland switchgrass tends 
to be more adaptive to dry conditions and lowland species adapt to flood conditions 
(Stroup et al., 2003).  
LCA results of switchgrass for biofuel have shown a wide range of benefits and 
tradeoffs compared to fossil fuels. LCAs on switchgrass indicate a net zero or negative 
GHG value due to the high carbon storage in the grasses’ roots. As much as 94% lower 
GHG emissions from the cellulosic ethanol derived from switchgrass compared to 
gasoline are recorded in LCA literature (Schmer et al., 2008). Energy models have 
indicated that switchgrass could produce greater than 700% output energy compared the 
input energy.  
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Table 3 provides a summary of switchgrass LCAs published and the focus of the 
studies. 
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Table 3 - Literature review summary table of switchgrass biofuel LCAs available in the 
literature. The system boundary and indication of discussing total biomass yield, impact 
categories, application to policy or specific agriculture impacts were recorded for each 
LCA paper. 
Yr Author F.U. System 
Biomass 
Yield 
GWP  
Other 
Impacts 
Policy 
Ag. 
Details 
2010 
Bai, Luo, 
van der 
Voet 
power for 
1-km 
driving of 
midsize 
car 
Cradle to 
Grave 
X X       
2010 
Cherubini, 
Jungmeir 
amount 
of 
biomass 
treated 
per year 
Cradle to 
Gate 
X X X   X 
2008 
Schmer, 
Vogel, 
Mitchell, 
Perrin 
1 ha of 
land 
Agriculture 
phase 
X X     X 
2006 
Wu, Wu, 
Wang 
kg dry 
biomass 
Well to 
Wheel 
X X X X   
2010 
Spatari, 
Bagley, 
MacLean 
1 L of 
Ethanol 
Well to 
Gate 
X X X     
2005 
Spatari, 
Zhang, 
MacLean 
1 L of 
Ethanol 
Cradle to 
Gate 
X X X   X 
2011 
Wang, 
Han, Haq, 
Tyner, 
Wu, 
Elgowainy 
1 MJ of 
Fuel 
Well to 
Wheel 
X X       
2009 
MacLean, 
Spatari 
1 MJ of 
Fuel 
Well to 
Gate 
X X       
2010 
Harto, 
Robert 
Meyers, 
Eric 
Williams 
Gallons 
of water 
/1 gal 
fuel 
Cradle to 
Grave 
  X X   X 
 
In order to contribute to the current research and make applications for 
environmental ethical issues, an LCA on switchgrass was needed. The following chapter 
presents a peer-reviewed style paper focusing on LCA results and the benefits of utilizing 
more than GHG reductions for policy makers. 
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CHAPTER 2 
2 LCA and POLICY ANALYSIS AND RESULTS 
METHODS 
The research consisted of LCA of switchgrass for cellulosic ethanol and drop-in 
biofuel, and policy assessment based on the LCA results. The LCA was conducted on 
switchgrass agriculture and fuel production. Results were used to evaluate California’s 
Low Carbon Fuel Standard and the U.S. RFS2 targets. The overall work was driven by 
objectives within a proposal with the University of Pittsburgh and the U.S. Department 
of Agriculture. The objectives of the USDA project are in Appendix A 
Goal and Scope Definition: 
The LCA was performed following ISO 14040 process (Organization, 2006). The 
goal of the attributional LCA was to determine environmental impacts of the agriculture 
phase of switchgrass as the crop grows in popularity for biofuel production. The audience 
of the study includes both biofuel / energy policy makers and members of the agriculture 
industry. The functional unit for the LCA is 1 kg of dry biomass for biofuel production. 
Figure 4 shows the system boundary of the LCA study. The LCA system boundary 
includes the land preparation, cultivation, harvesting and upstream production impacts 
for switchgrass agriculture. Impacts from production of switchgrass-derived biofuel 
through pyrolysis were assessed in collaboration with the University of Pittsburgh and 
considered in order to scale the biomass yields to projected cellulosic fuel volumes.  
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LCA System Boundary 
 
Figure 4 -LCA system boundary. The dark dashed line represents the system 
including pyrolysis for assess impacts associated with volume targets. 
Life Cycle Inventory: 
Inventories were collected from existing peer-reviewed publications on LCA and 
agriculture studies, best practices throughout the country, and databases such as 
Ecoinvent. Ecoinvent datasets for agricultural processes were used for sowing the seed, 
fertilizing, and harvesting. Sowing and fertilizing were assessed on a per meter squared 
basis. Harvesting through baling was assessed based on 1 harvest bale per hectare and 
163 kg biomass per bale (Sokhansanj et al., 2009).  Energy mixes represented those of 
Switzerland and were not updated to reflect U.S. energy consumption. GHG emissions 
from pyrolysis are estimated to be 0.03 kg CO2 eq. per MJ of renewable fuel produced. 
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Pyrolysis information for the University of Pittsburgh can be found in the appendix. 
Table provides values used from the inventory collection to perform the LCA. Average 
values of collected data were used to represent average national inputs.  Detailed 
inventory data can be found in Appendix B.  
Table 4 - Input table from inventory and source reference 
Input Value (unit) Source(s) 
Conversion Factors 
Average yield 5.2 (Mg biomass/ ha) (Spatari et al., 2010) 
Ethanol Conversion 0.38 (L ethanol / kg 
biomass) 
(Schmer et al., 2008) 
Drop-in fuel conversion 0.097 (kg biomass / 
MJ) 
 
Land Preparation 
Nitrogen Fertilizer 55 (kg/ ha) (Spatari et al., 2005) 
Lime 3000 (kg/ha) (Bai et al., 2010) 
Cultivation 
Seeding rate 10 (kg/ ha) (Bai et al., 2010; Cherubini et 
al., 2010; Pimentel et al., 
2005; Schmer et al., 2008; 
Spatari et al., 2005) 
Nitrogen fertilizer 86 (kg / ha / year) (Bai et al., 2010; Schmer et al., 
2008; T Searchinger et al., 
2008; Spatari et al., 2010; 
Spatari et al., 2005; Vogel et 
al., 2002; Wu et al., 2006) 
Phosphorus fertilizer 24.6 (kg / ha / year) (Bai et al., 2010;T Searchinger 
et al., 2008; Spatari et al., 
2010; Spatari et al., 2005; Wu 
et al., 2006) 
Potassium fertilizer 67.6 (kg / ha/ year) (Bai et al., 2010;T Searchinger 
et al., 2008; Spatari et al., 
2010; Spatari et al., 2005; Wu 
et al., 2006) 
Nitrogen runoff 4.79 (kg N eq. / ha/ 
year) 
(Nearing et al., 2005; 
Nyakatawa et al., 2006; 
Sarkar et al., 2011) 
Phosphorus runoff 15.3 (kg N eq. / ha / 
year) 
(Nyakatawa et al., 2006) 
Lime 150 (kg/ ha/ year) Bai et al., 2010) 
Atrazine 2.97 (kg / ha / year) (Spatari et al., 2010; Spatari 
et al., 2005; Vogel et al., 
2002) 
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Metolachlor  2.24 (kg / ha/ year) (Pimentel et al., 2005) 
Harvesting 
Tractors & other agriculture 
machinery for baling 
1 baling process Ecoinvent -  
1 p Baling/CH U (of project 
Ecoinvent unit processes) 
 
 
Life Cycle Impact Assessment: 
The impact assessment based on 1 kg of biomass was determined for the 
categories of global warming potential (GWP), acidification, eutrophication, ecotoxicity, 
and fossil fuel depletion. Impact factor values for agriculture were determined using Tool 
for the Reduction and Assessment of Chemical and Other Environmental Impacts 
(TRACI) version 2.1. Eutrophication was adjusted based on runoff from nitrogen and 
phosphorus fertilizers. Additional impact in eutrophication was determined using 
average recorded nutrient runoff data and TRACI conversion of phosphorus to nitrogen 
equivalent (7.29 kg N per kg P) (Norris, 2002). GWP reduction over time was analyzed 
by altering the lifespan of a switchgrass field before re-establishment.  Land use change 
is not explicitly included in the analysis. Pyrolysis impact assessment was only used to 
compare GHG emissions associated with well-to-tank switchgrass biofuels to expected 
U.S. GHG targets and reductions. 
Policy Analysis: 
The goal of the policy analysis was to assess the role switchgrass-derived biofuels 
can have in attaining RFS2 and CA LCFS GHG reductions. Previously published studies 
from research institutions, government agencies and private firms were used to apply the 
study’s LCA results to national RFS2 cellulosic biofuel volumes 2014 – 2022 and CA 
LCFS 2020 GHG reduction goals. CA LCFS was assessed on a volume basis from a study 
conducted by ICF International to give annual cellulosic biofuel targets(International, 
2013). The total GWP for annual targets for RFS2 and CA LCFS were determined for all 
cellulosic biofuel targets being produced by switchgrass-derived fuels. The LHV for 
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switchgrass biofuel is assumed to be 35.8 MJ/L. The pyrolysis impacts based on kg of dry 
biomass were added to agriculture impacts from this study for comparisons.  
RESULTS: 
 
LCA Agriculture Results: 
Normalized impact results of the agriculture phase for switchgrass are presented 
in Figure 5; the original results are presented in Appendix C. The agriculture phase can 
be divided into on-farm and upstream activities. The on-farm activities include events 
that take place during land preparation, cultivation, or harvesting on the switchgrass 
field. Impacts from on-farm activities include seed sowing, application of fertilizers and 
chemicals, nutrient runoff, and harvesting through a bailing process. The upstream 
activities represent the production of fertilizers and chemicals used during cultivation. 
The impacts from on-farm activities are much lower compared to the upstream 
production of agricultural chemicals in 4 of the 5 impact categories, contributing more 
than 60% of the impacts to these categories besides eutrophication. In the exception, 
nutrient runoff from the fertilizers causes eutrophication influence from on-farm 
activities to be high, over 83% of the total (20% from nitrogen and 63% phosphorus 
runoff).   
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Normalized LCA Results for Switchgrass Agriculture
Figure 5 - Normalized LCA Results for Switchgrass Agriculture. The bright 
colors are on-farm impacts and the pale colors are from upstream production.  
 
Of on-farm activities, the land preparation is a combination of events needed 
before the switchgrass seeds can be sown. Included in land preparation is the application 
of nitrogen fertilizer and lime and installation of irrigation on the land. Both of these 
activities may not be necessary in all regions of the U.S. for switchgrass agriculture. 
Switchgrass is known for its ability to grow on marginal lands; some farmers might 
decide not to include these steps to save time and money. The additional land 
preparation varies in its contribution to environmental impacts from 3.5% of fossil fuel 
depletion to 24.2% of ecotoxicity impacts. The low influence on fossil fuel depletion 
could encourage the agriculture industry to use irrigation and improve the soil 
conditions for switchgrass to ensure high yields. The GWP portion of on-farm activities 
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materials and emissions to the air from fertilizers. On-farm activities include natural 
carbon reduction through the cultivation of the switchgrass. For GWP, the on-farm 
activities contribute less than 30% to the overall impact.  
The runoff of nutrients from fertilizer application is the highest contributor to the 
eutrophication impact from switchgrass agriculture. Limited information is available for 
nutrient runoff from switchgrass agriculture in the literature. Research indicates that as 
switchgrass matures the runoff from fertilizers decreases (Lee et al., 1998; Lemus et al., 
2009). This study that phosphorous runoff is the highest contribution to eutrophication 
impacts. The amount of fertilizer and rate of runoff for phosphorus is lower than those of 
nitrogen; however, the potency of phosphorus is high in nitrogen equivalent. The TRACI 
conversion factor for nutrient runoff indicates that each kg of phosphorus is equivalent 
to 7.29 kg nitrogen (Norris, 2002). Also, runoff rates depend on application rates, soil 
physical properties, micro-organism activity, sediment yields and rainfall volumes. 
(Nyakatawa et al., 2006; Sarkar et al., 2011).  
Of the upstream activities, the production of fertilizer and lime are major 
contributors in GWP and acidification. Nitrogen production has the highest impact in all 
5 categories of the fertilizers and lime application, even though the annual lime 
application quantity is more than 22 times greater than that of nitrogen. Nitrogen 
fertilizer production is the highest contributor to GWP and acidification with 61% and 
42% of the impacts, respectively. The production of herbicides atrazine and metolachlor 
contribute heavily to fossil fuel depletion (94% total). The high impact is due to 
production of the herbicides being based on coal, natural gas, and crude oil. Offsets from 
co-products in biofuel production could reduce the impact of fossil fuel depletion for the 
whole lifecycle of switchgrass-derived biofuel. In general, upstream production of 
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resources needed for agriculture require more electricity and time for operation than the 
farm machinery and equipment for on-farm activities.   
While there have been a handful of LCAs of switchgrass for biofuels (Bai et al., 
2010; Timothy Searchinger et al., 2008; Wu et al., 2006), only three previously 
published studies   (Cherubini et al., 2010; Schmer et al., 2008; Spatari et al., 2005) 
separate the agricultural LCA results for comparison to GWP estimated in this study, 
shown in Figure 6. Figure 6 shows that the previous LCAs range from 0.15 kg CO2 to 
0.05 kg CO2 equivalent per kg biomass switchgrass; their results are 62 to 87% lower 
than the GWP estimated in this study. The highest recorded GWP from previous work is 
less than the impacts from the land preparation alone reported in this study. The 
difference in GWP shown in Figure 6 can be traced to variations in fertilizer application 
rates, differences in scale and region, and the estimation of soil carbon capture by the 
plant biomass.  
GWP Agriculture Comparison 
 
Figure 6 – GWP Agriculture Comparison. GWP results compared to the agricultural 
impacts of other switchgrass LCAs 
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Fertilizer is a major contributor to GHGs in the agriculture phase for biofuels, 
especially nitrogen fertilizer causing nitrous oxide (N2O) emissions during cultivation. 
N2O is reported to have 310 times more of an impact on global warming than CO2 (IPCC, 
2007). Increasing nitrogen fertilizer promotes high yields and will help ensure biomass 
for the biofuel industry to use. Adjustments in fertilizer composition and application 
processing can help reduce the impacts from nitrous oxide. In order to promote high 
yields and reduce N2O emissions, an optimal nitrogen fertilizer application rate needs to 
be combined with improved application processes in the future. Spatari estimated 2.1 kg 
per hectare annually for N2O emissions. Cherubini estimates 0.042 g N2O per g N 
fertilizer applied and also varies N2O emissions in the sensitivity analysis of the study. 
Schmer does not specify N2O emissions.  
Previous LCAs have also differed from this study by focusing on regional 
conditions for switchgrass production, rather than estimating national agriculture 
impacts, which was the goal of this study. Many factors can influence impacts at the 
regional scale; for example the addition of lime and other nutrients is dependent on the 
regional condition of the soil before beginning cultivation. Regions with low soil acidity 
will not require lime during land preparations (Bullard et al., 2001). The literature for 
switchgrass agriculture covers small-scale switchgrass-for-biofuel research data for the 
Midwest, Southeast, and single states such as Michigan (Fike et al., 2006b; Love et al., 
2011; Vogel et al., 2002). In Figure 6, the study by Schmer et al. (2008) was unique in 
using 10 farms to obtain large-scale switchgrass agriculture production data, but 
targeted the prairie lands of Minnesota, Nebraska, North Dakota and South Dakota. 
Spatari and Cherubini do not provide details on the location of their studies. Using 
average agriculture inputs for soil preparation and seeding rates was assumed to display 
national averages for switchgrass cultivation. 
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Irrigation rates can also vary based on regional differences; assumptions around 
irrigation can cause the differences shown in Figure 6. Irrigation accounts for a small 
amount of the GWP in this study, 0.06 kg CO2 equivalent per kg biomass produced. The 
cited LCAs in Figure 6 did not include any impacts from irrigation (e.g. installation, 
electricity, additional runoff, etc.). Switchgrass is marketed as being an ideal biofuel crop 
since it can grow on marginal lands in the U.S., not requiring irrigation. However, if 
dependency on switchgrass derived fuels is increased, irrigation will help ensure an 
annual yield and reduce the risk of not meeting annual fuel targets. For example, one 
study showed an increase in switchgrass biomass yield cultivated in Kansas, Oklahoma, 
and Texas by adding irrigation to simulate a precipitation increase of 25% (Hartman et 
al., 2012).   
Modeling accurate soil carbon capture is also a challenge for determining GWP. 
The previous studies based soil carbon capture on varying rates over time. From the soil 
carbon capture rates reviewed for this research, the maximum reduction in GWP would 
be 0.211 kg CO2 equivalent, 50% of the GHG emissions based on the conservative yield of 
5.2 kg biomass per hectare and the high carbon capture rate of 1,100 kg of carbon 
captured per hectare per year (McLaughlin et al., 1998). Spatari includes soil carbon 
capture as 4 kg CO2 eq. per liter ethanol. The GWP value from Schmer in  includes soil 
carbon capture as 138.1 kg CO2 per Mg of biomass produced annually.  The specific 
carbon capture by soil in Cherubini is not represented in Figure 6. Additional field 
research including different switchgrass cultivars and soil conditions will provide 
important information for the agriculture industry and policy makers to determine 
realistic benefits from soil carbon capture from switchgrass.  
Switchgrass can be cultivated without re-establishment for years, reported up to 
20 years (Barry, 2008; Douglas et al., 2009). The yield of switchgrass varies annually, 
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but is said to take 2 – 3 years to reach full maturity for a consistent yield. Figure 
7compares the GWP impact of switchgrass per kg of biomass over a 15 year time period. 
The first bar shows the impacts associated with re-establishing the land every 3 years for 
15 years total and the second bar represents the impact associated with no re-
establishment for 15 years. The total GWP for the agriculture of switchgrass over 15 years 
is calculated to be 7.9 and 10 kg CO2 equivalent per kg of biomass for re-establishment 
every 3 years and continuous for 15 years respectively. Energy use and loss are not 
included in the analysis. 
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Total GHG Emission Comparison of Re-establishing vs. Continuous Growth 
 
Figure 7 - Total GHG Emission Comparison of Re-establishing vs. Continuous 
Growth. The first bar represents the decision to re-establish the switchgrass every 3 
years. The second bar represents allowing the switchgrass field to produce switchgrass 
for 15 years before re-establishment. Both bars include a year of preparation with no 
harvest. The textbox above gives the total biomass harvest during the 15 year time 
period. 
The overall GWP impact over 15 years is slightly lower by re-establishing the 
switchgrass. The 3 re-establishment model is based on a year of preparation – initial 
irrigation set up, nitrogen fertilizer and lime application and sowing of the seeds, 
followed by 2 years of cultivation and harvest. Land preparation years do not require the 
additional fertilizer and application of herbicides involved in cultivation years.  This 
causes an overall reduction in GHG emissions during those years. Year 2 and 3 are 
identical, including the impacts from cultivation and harvest based on the LCIA results. 
The total GWP for the 3 years is compounded 5 times for overall 15 year GHG emissions 
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impact value. The 15 year model has one year of preparation and 14 of cultivation and 
harvest. 
Before considering constant re-establishment of switchgrass as a means to reduce 
environmental impacts, it is important to consider the losses involved. The cost of re-
establishing switchgrass frequently is loss of yield for years of re-establishment as well as 
limiting peak yields of switchgrass at maturity. Re-establishing switchgrass every 3 years 
causes a loss of 4 years of biomass over 15 years. Using the conservative biomass 
production yield of 5.2 Mg per hectare per year, the difference in average yield per 
hectare of cultivation over 15 years is 20.8 Mg between the two examples. Comparing the 
GWP impact per year of output shows a higher value for the re-established switchgrass 
strategy. The impacts from each re-establishment year are necessary for the years of 
cultivation that follow. By re-establishing the switchgrass every 3 years and losing a year 
of yield, the impacts per year of output is 0.46 kg CO2 equivalent per output year. 
Allowing for 14 years of cultivation after land preparation, the GWP impact per output 
year is decreased to 0.39 kg CO2 equivalent. In addition to the lower return on 
investment (lower GWP impact per biomass yield), the longer cultivation period before 
re-establishment will allow for higher yields from mature switchgrass, 3 years and later, 
to  reduce GWP impacts per kg of biomass. 
RFS2 & CA LCFS Analysis: 
Switchgrass is expected to be a major contributor to targeted cellulosic biofuel 
volumes to meet RFS2 requirements. Figure 8 represents the GWP of using only 
switchgrass as a feedstock to meet RFS2 total cellulosic biofuel volumes. The agriculture 
emissions are calculated from this study, while the pyrolysis data is taken from research 
at the University of Pittsburgh on drop-in fuel production from fast pyrolysis of 
switchgrass. The CO2 uptake during agriculture from the switchgrass plant and 
emissions from the tailpipe during biofuel use are not included in the analysis. The RFS2 
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60% GHG emission reduction baseline for cellulosic biofuels is based on well-to-wheel 
emissions from motor gasoline in 2005 (EPA, 2010). The 60% reduction baseline 
represents 40% of the gasoline well–to-wheel emissions for the 21.5 billion gallons of 
motor gasoline refined in 2005 (EIA, 2014). The figure shows a linear increase in GWP 
from switchgrass-derived biofuel over time. As the scale of production increases, it 
becomes more difficult to reach targets. The benefits from carbon capture in soil will 
improve the chance of switchgrass biofuels maintaining compliance with RFS2 GHG 
reduction targets for cellulosic biofuels. 
RFS2 GHG Impacts from Switchgrass Biofuel for Cellulosic Volumes 
Figure 8 - GWP of switchgrass biofuel production to meet the RFS2 target 
volumes for cellulosic fuel 2014-2022. The RFS2 calls for cellulosic fuels to have a 
60% reduction in lifecycle GHGs compared to gasoline emissions in 2005, represented 
by the 60% reduction baseline. Impacts from pyrolysis are taken from research in 
connection to this work at the University of Pittsburgh. 
GHG impacts from agriculture are similar in quantity to impacts from pyrolysis. 
Switchgrass agriculture contributes 3.7 kg CO2 equivalent per gallon of cellulosic fuel in 
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this study. The pyrolysis data indicates that production of the switchgrass fuel 
contributes 4.0 kg CO2 equivalent per gallon of fuel. The target of 1.75 billion gallons of 
cellulosic fuel for 2014 would produce 6.6 million metric tons of CO2 equivalent 
emissions if the total volume was from switchgrass agriculture. As the volume increases 
to the 2022 goal of 16 billion gallons of cellulosic biofuel, the switchgrass agriculture 
GWP impact reaches 60.4 million metric tons of CO2 eq. For 16 billion gallons of biofuel, 
the pyrolysis produces 64.1 million metric tons of CO2 eq. Compared to pyrolysis 
emissions, the agriculture phase contributes 48% of the GWP total. 
According to Figure 8, switchgrass-only cellulosic biofuel cannot be used to meet 
RFS2 GHG reduction goals. The switchgrass-only biofuel production remains under the 
60% GHG reduction baseline (98.1 million metric tons of CO2 equivalence) through the 
year 2020. The target volume of 10.5 billion gallons will produce 39.6 and 42.1 million 
metric tons of CO2 eq. from agriculture and pyrolysis, respectively. Increasing 
production in 2021 to 13.5 billion gallons causes the total impact to increase 7 million 
metric tons over the baseline. Co-product allocation is an option to reduce total impacts 
from switchgrass. Through pyrolysis, co-products such as biochar and electricity offsets 
can be used to offset impacts for a more sustainable production of biofuel (Gaunt et al., 
2008; Roberts et al., 2009). Including offsets may not be enough to allow for 
switchgrass-only cellulosic fuel to meet reductions. Technology improvements in any 
phase of the lifecycle of the fuel can also provide benefits to reduce environmental 
impacts. Methods of reducing tilling in agriculture and energy offsetting are examples of 
technology advancements that can lead to reduced lifecycle GHG emissions. (Smith et 
al., 2008) Other feedstock such as corn stover and woody residues will be required to 
contribute to cellulosic fuel volumes as well (International, 2013). These feedstocks vary 
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in land use and conversion processing which can lead to overall reduced impacts (Njakou 
Djomo et al., 2012).  
Similar to the RFS2, CA LCFS mandates a GHG reduction goal for the 
transportation sector. The goal is to reduce the average fuel carbon intensity (AFCI), 
mass of CO2 eq. per MJ of fuel, from gasoline emissions by 10% by the year 2020. CA 
LCFS does not include projected biofuel or alternative energy volumetric or consumption 
targets to comply with the GHG reduction goal. A study conducted by ICF estimated the 
volumes of corn ethanol, sugarcane ethanol, and cellulosic biofuel to comply with CA 
LCFS (International, 2013). Figure 9 shows total GHG emissions from the agriculture 
phase and pyrolysis to meet ICF’s estimated cellulosic biofuel volumes with only 
switchgrass-derived biofuel. Other studies provided 2020 AFCI targets from varying 
baseline years. Figure 10 compares the AFCI of switchgrass from this study to other 
2020 baseline targets (CARB, 2009; Farrell et al., 2007; International, 2013). Due to 
unknown contribution from alternative fuels (electric, hydrogen, and natural gas), 
biofuel feedstock composition and carbon intensity (mass of GHGs per MJ of fuel), the 
baselines from Farrell and CARB cannot accurately be represented in total mass of GHG 
emissions. 
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CA LCFS GHG Impacts from Switchgrass Biofuels 
 
Figure 9 - CA LCFS GHG Impacts from Switchgrass Biofuels. The total GWP 
emissions associated with targeted cellulosic biofuel volumes for CA LCFS from ICF 
Internationals. The volume is assumed to only be met with switchgrass derived biofuel. 
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Alternative Fuel Carbon Intensity in 2020 
 
Figure 10 – Alternative Fuel Carbon Intensity in 2020. Average fuel carbon 
intensity of switchgrass cellulosic fuel compared to CA LCFS target reductions for 2020. 
The targets vary due to different baseline years and definition of transportation gasoline 
AFCI. 
 
Unlike RFS2, the CA LCFS makes it challenging to determine the baseline to 
assess a 10% reduction. The program was passed in 2007, but did not begin until 
2010.The studies in (CARB (2009); Farrell et al. (2007); International (2013))represent 
2020 targets based on transportation AFCI in 2005, 2010, and 2013. Farrell & Sperling 
used 2005 data to prevent estimations in 2007 and set the 2020 compliance to 79.1 g 
CO2 eq. per MJ. The California Air Resource Board (CARB) estimated carbon intensities 
for 2010 to comply with the set CA LCFS baseline year; the CARB 2020 compliance is 
86.3 g CO2 eq. per MJ. The report from ICF International used 2013 data because of an 
increase in carbon intensity from 96 to 98 g CO2 eq. per MJ from 2010. The ICF 
International baseline is the highest of the three studies at 89 g CO2 eq. per MJ. All 
targets are above the calculated AFCI for switchgrass-derived biofuel from pyrolysis.  
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According to the estimates for life-cycle GHGs in this study, switchgrass-derived 
cellulosic fuels could be used to meet CA LCFS. The switchgrass carbon intensity for 
agriculture and pyrolysis is roughly 66 g CO2 eq. per MJ, which is a 16% reduction 
compared to the lowest baseline from Farrell & Sperling. Final assessment of compliance 
for switchgrass ethanol will depend on the complete lifecycle GHG emissions for the fuel 
from cradle to grave with as well as using actual 2010 GHG emissions as the baseline 
year. 
Objectives 1 & 2 are addressed from the LCA results and assessment of two 
current biofuel policies in place. The LCA results indicate that switchgrass agriculture 
has a significant influence in GHG emissions as well as environmental categories such as 
eutrophication. The runoff from fertilizers can have a high influence on water 
eutrophication. Also production of fertilizers and herbicides contribute to GHG 
emissions and fossil fuel depletion. The impacts from production of fertilizers and 
herbicides need to be considered when addressing policies such as RFS2 and CA LCFS. 
Switchgrass biofuels can play a role in meeting both RFS2 and CA LCFS. The RFS2 
reduction target could be met with only switchgrass biofuels, but it will be a challenge as 
volumes increase towards 16 billion gallons. The CA LCFS has more flexibility in the 
volume of cellulosic fuels desired by 2020, allowing for switchgrass biofuels to be 
explored for compliance.  
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CHAPTER 3 
3 ENVIRONMENTAL ETHICAL DILEMMAS AND FUTURE WORK 
 
The goal of this chapter is to connect biofuel policy and life cycle assessment to 
environmental ethical dilemmas in biofuel production. The assessment is focused on 
common areas of concern for biofuels 1) food supply impacts, 2) water use changes and 
3) land conservations. These three ethical areas are selected due to presence in the 
literature and media around these environmental concerns. Also, the various views on 
food, water, and land can be discussed on an ethical level as well as a scientific basis.  
The topics are assessed as value-laden issues, recognizing the areas are based on 
personal ethical views. Research as well personal viewpoints will need to be discussed for 
these areas for advancement in biofuel production. Switchgrass cellulosic biofuels are 
used as an example of how environmental ethical dilemmas can affect the biofuel 
industry and need to be incorporated in U.S. policy. The discussion on how to approach 
these potential problems focuses on the use of primary earth systems engineering 
management (ESEM) principles. 
 All three areas of policy, LCA and environmental ethics are interdisciplinary, 
complex and important for sustainable biofuel production.  Biofuels seem like the clear 
solution to problems of energy sourcing and dependency, yet issues of food supply, land 
use changes / ecosystem alteration, and water use require additional thought. Using 
switchgrass biofuel as an example for the U.S., the chapter highlights potential dilemmas 
that will require the combination of policy and life cycle impact assessments for a 
sustainable solution.  
Environmental ethics are moral principles used to determine the role and extent of 
interaction between humans and the natural world (Taylor, 2011). Chapter 1 discussed 
how environmental ethics has become a Western set of ethics placing humans above the 
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rest of living organisms, an anthropocentric outlook on the relationship between 
mankind and nature. Environmental ethics has expanded, incorporating ecology, 
engineering, and philosophy ideals in creating systematic principles to guide actions 
involving nature (Minteer, 2009). The areas discussed for environmental ethics can be 
seen more as value-laden issues compared to current understanding in the 
environmental ethics research community. 
Dilemmas in Biofuel Production: 
Food vs. fuel 
The idea that first –generation biofuels will hinder the food supply has been 
around since the start of corn ethanol in the 1930’s (Escobar et al., 2009). The 
skepticism has advanced due to some believing that supporting liquid ethanol is also 
supporting world hunger (P. B. Thompson, 2012). Some in the U.S. believe that this 
argument is based on a fixed, limited crop yield; the more agriculture used for biofuel 
production means less for food distribution. The scientific data collected on biofuels can 
be distorted to appeal to the emotional ties to hunger. For example, a study reported that 
in 2004, the US used 32 million tons of corn to convert to fuel that equaled only 12% of 
the national fuel supply. That same tonnage of corn was estimated to have the ability to 
feed 100 million people using average world consumption levels (Stein, 2007). Number 
comparisons like these support the idea of biofuel production contributing to world 
hunger. Food supply impacts and world hunger are part of the reason for advancing to 
2nd and 3rd generation biofuels to meet energy demands. 
In addition to hunger, economic impacts on food is a dilemma still around for 
biofuels. A general rise in the price of food in 2006 - 2007 strengthens a link between 
biofuels and food supply. Models simulating the growth of biofuels predict that as biofuel 
demand increases, higher global prices for biofuel feedstock and food crops will occur 
due to competition for land (Koh et al., 2008). However, shifts in food prices have many 
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factors such as extreme seasons, pestilence, and political interference (P. B. Thompson, 
2012). The increase in prices on food cannot solely be placed on the development of 
biofuel. Also, this cost adjustment largely affects those living in developed countries 
where most purchase their food vs. those who live an agrarian lifestyle in developing 
land. The United Nations reports that nearly 80% of people living below the extreme 
poverty standard across the world are in rural areas and food entitlement comes from 
personal agricultural development (P. B. Thompson, 2012).  
The food vs. fuel debate has been misrepresented. It paints an image of the food 
being snatched out of the hands of starving individuals in order to support those in high 
socio-economic standing. Food supplies and production have not reached their limits.   
Currently there is tons of excess food wasted every year ("Food Wasted," 2013). Proper 
allocation would contribute highly to reducing world hunger. Also, the market drivers for 
biofuel production skewing the consumption rates and costs of agriculture are not solely 
dependent on biofuels. Politics, weather, alternative uses for crops, and other factors 
play a role as well. The concerns for biofuels’ impacts on food supply seem to be 
addressed towards the scientists and policy makers for supporting biofuel production. 
The debate is lacking an overall view of who should be involved and what type of 
framework/programs can be put in place to strategically work on biofuels and ensuring 
that benefits reach all levels, including the small & poor farmers (P. B. Thompson, 2012).  
Switchgrass will play a role in the food vs. fuel debate even as a 2nd generation 
biofuel. The adjustments in animal feed will contribute to displacing other crops, 
possibility corn and soybean, for feed. The additional land and water needed for 
production will also contribute to a change in agriculture production. The influence 
might not be as direct as with corn, soybeans, and sugar, but due to the complexity of the 
system, the connection will still be present. 
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Water Use 
Water use may be a major ethical dilemma as biofuel production continues to 
grow. Access to clean water is still a major global problem that has not been solved. The 
water used for the cultivation and production of biofuels will generally need to be clean, 
fresh water to ensure proper crop yields and composition. There may be some areas for 
reuse and recycling, but the majority of water is consumed as first use water. In 2007, it 
was reported that 42% of all U.S. freshwater withdrawals are for agricultural use, but 
85% of the total U.S. freshwater consumption ends up being used for agriculture 
irrigation (Wu et al., 2009). The global annual water withdraws for agriculture use is 
85% (Gomiero et al., 2010). Increases in cultivation of biofuel feedstocks may require 
additional irrigation infrastructure and additional volumes of water. The crops may have 
to compete for water with other uses in water-limited regions. For example the 
Southwest U.S. has limited fresh water availability, depending heavily on groundwater 
pumping.  
Biofuel cultivation is not the sole process that requires water. Refineries and 
distilleries can require up to 4 gallons of water to produce a single gallon of ethanol 
(Mattison et al., 2005). At this rate, the volume of water used to produce 100 million 
gallons of ethanol is enough to support a town of 5,000 people for a year (Koh et al., 
2008).  Other studies have shown that to produce 1 liter of ethanol, it can take between 
1.9 and 9.8 liters of water depending on the chemical conversion processes (Wu et al., 
2009).  Switchgrass is reported to require higher water use overall compared to corn  
(VanLoocke et al., 2012).  
 
Increasing the cultivation of switchgrass or another feedstock will change the 
water consumption proportions and create stress between government, residents, and 
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industry. Schaible et al. (2012) made the connection between location and standard use 
of regional water. Depending on the location of the cropland and addition of irrigation, 
government policy such as Native American water-right claims may be involved. Of the 
57 million acres of irrigated cropland & pasture land in 2007, roughly 75% falls on 17 
Western states, home of numerous reservations. These states applied nearly 74 million 
acre feet (or 24 trillion gallons) of water to crops. Additional water irrigation could 
become restricted in these areas and lead to more policies required to secure water 
rights. Native American water-right claims are estimated to account for nearly 46 million 
acre feet annually in 2008 and are not expected to decrease. Ethical viewpoints would 
affect how to proceed with attaining additional water for feedstock irrigation. Stress 
could then be created between other sectors due to the need to redirect water volumes 
and enact additional policies. 
Studies on water use for switchgrass development have indicated that proper 
precipitation is directly related with biomass yield (Hartman et al., 2012; VanLoocke et 
al., 2012). These studies did not consider additional water application through irrigation, 
but their results support the benefits of irrigation. Mimicking the precipitation patterns 
of responsive regions such as the northern plains can alter water distribution in other 
agriculture regions. Regions will see the benefits from additional water on the 
switchgrass and may need to reevaluate current agriculture water use. One study 
comparing biomass yield variability of switchgrass in Oklahoma, Kansas, and Texas 
showed an increase in biomass yield in all three states by simulating a 25% increase in 
annual precipitation (Hartman et al., 2012). The water shifts were meant to resemble 
possible climate change results, but can still be used to support the additional water 
irrigation for higher biomass yield.  
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Water use in switchgrass agriculture and biofuel production may cause shifts in 
water allotment and issues for states and the entire country. Recycling water or 
improved efficiency of water delivery could reduce the impacts of irrigated water for 
agriculture use. The waste water from the refineries can be used for cooling/heating the 
facility to reduce the needed volumes. Runoff capture improvements and onsite water 
treatment on farmlands can contribute to the additional water desired for optimal 
biomass yield.  
Land conversion 
In the category of land conversion, biocentric and anthropocentric ethical views 
can be seen in biofuel production.  Those focused on increasing biofuels for fuel 
improvements and energy options will encourage the increase in biofuel crop 
production. Deforestation, biodiversity, and ecosystem alternations will be the concern 
of biocentric individuals. Policy will be a major influence on regulation and management 
of land use for biofuel production.    
Switchgrass and other crops such as miscanthus and canary reed grass are 
popular for biofuel production because they are known for their ability to grow in wide 
weather conditions and on marginal lands. The U.S. has over 230 million hectares of 
marginal land, 68 million hectares noted as being suitable for crops and vegetation (Cai 
et al., 2010). One research paper calculated that if switchgrass was used to fuel the San 
Francisco Bay area vehicles for one year, it would require near 7 million acres of 
agricultural land, roughly 80% of the irrigated lands for crops in California (Patzek, 
2010).  Utilizing this land for biofuel production can lead to high volumes of biofuel, but 
also environmental impacts associated with land use change and policies to regulate the 
cultivation of the energy crops. 
Biofuel agriculture expansion will lead to land use conversion and possibly 
conflict. Transport of biofuel crops to new regions for cultivation may prove negative on 
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native species. Because the upland cultivars of switchgrass tend to yield higher cellulose 
content, there may be a transition of upland cultivars to new regions. Many strands of 
switchgrass place their roots deep into soil for high stability; this root establishment 
could contribute to its invasiveness in new regions. Introduction of these ecotypes on 
marginal lands across the country could aid in increasing cellulosic volumes, but also 
lead to switchgrass becoming invasive in certain ecosystems (Nageswara-Rao et al., 
2013).  
How to Manage Dilemmas using Ethics, Policy, and LCA: 
The Role of Research & Policy 
Policies are seen as means to regulate and keep a process or market operational 
and beneficial. For the biofuel industry in the U.S., policies can stifle production or 
require advancements. With alternative fuels in the U.S., national and state specific 
initiatives have supported continuous development of biofuel options without explicitly 
addressing areas of concern or uncertainty such as impacts on the food supply, land use 
change, and environmental impacts outside of GHGs.  
National policies such as the Energy Independence and Security Act (EISA) set the 
standards for the objectives of biofuel policies and methods of assessing effectiveness. 
Sustainable policies for biofuels will need to not only consider biofuel environmental 
impacts and economic stability, but also include consideration of the environmental 
ethical concerns discussed.    
Policies such as EISA support interest in switchgrass biofuel production research, but 
commonly are not installed until after research and motivation for alternative fuels is 
present.  Small scale research provides insight on theoretical ideal conditions for large 
scale production. After determining feasibility of large scale production, technology and 
industrial support allows for large scale production.  This can lead to changes in resource 
availability and national environmental conditions, in which most biofuel policy does not 
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consider. The result will likely be preparing for a policy to counteract the unintended 
consequences or a return to research to find solutions for the consequences Figure 11 
shows a current option for the progression of biofuel policy, highlighting that the current 
set up revisits experimental research only after unintended consequences are seen and 
policy is not involved until after large scale production is available.  
 
Figure 11 – Progression of a Biofuel Cash Crop Policy Current. This is a sample 
process flow diagram of producing policies for biofuel. The green loop indicates the 
review of research after increased production causes unintended consequences. The 
orange ovals indicate areas where policy is included in the process. 
The current progression of biofuel policy supports a retrospective approach to 
evaluating conditions. It is not until the overstressing of the system that policies are 
reviewed. Incorporating life cycle thinking into policy design can enable a prospective 
outlook, incorporating the impacts of policies prior to their installment and foreseeing 
potential benefits and issues.  Also, by including policy, directly and indirectly related 
topics, will allow for a holistic assessment of the change in fuel sources. Figure 12 shows 
an adjusted approach to the policy making process including life cycle thinking and 
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policy planning during research and a re-evaluation of progress of the policy. The 
adjustment now has three areas where policy is involved in the creation of the new 
biofuel specific legislation. This will help include policy makers in the progression of the 
biofuel development, to keep them informed for the decision making process. The 
process adds policy review to the experimental phase of alternative energy development. 
This review includes other energy policy as well as any that relate to other environmental 
fields such as water use, land conservation, and biodiversity in the region. New 
techniques such as LCA make it easy for all sectors involved in the production and use of 
the biofuel to be accounted for. LCA is generally geared at environmental impacts of a 
product or service, but research using life cycle thinking can review any impacts within a 
designated system boundary. By using comparative and characteristic life cycle thinking 
during the research phases, policy makers can anticipate consequences of large scale 
implementation. Policy makers can also benefit from beginning with a pilot incentive as 
a test of a policy. It is important to pilot or test the policy; which can be accomplished via 
computational approaches, voluntary test markets, or other pilots of the policy.  
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Figure 12 – Progression of a Biofuel Cash Crop Policy Proposed. The updated 
flow of creating biofuel policies  incorporates life cycle thinking and related 
environmental policies throughout the process.  Relative fields and markets are reviewed 
while experimental research is occurring to foreshadow unintended consequences. 
Additional proposed steps are highlighted in blue. 
Taking the ethical dilemma of water use as an example, the proposed process 
would require that along with the research conducted on producing cellulosic ethanol 
from switchgrass under different irrigation conditions, review and research on water 
policy and water use in agriculture in different regions should be performed.  During this 
step, engineers and environmental researchers can work together to understand and 
model expected water use outcomes in various regions of the country. Using the results 
from both areas of research, optimal growth and production conditions can be agreed 
upon and explored for large scale implementation. Next a prospective LCA can be 
performed including the restraints of both biofuel and water policies when collecting 
inventory data. Impact assessment values may indicate that the current arrangement 
would not be beneficial, helping to prevent unexpected negative environmental impacts 
and indicating the need for more research. Once impact assessment results are estimated 
for reasonable outcomes, an initiative or incentive can introduce the ideal production of 
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switchgrass. For example, there may be an incentive for farmers of Alamo switchgrass to 
reduce water use by 15% by using tax credits for saving a certain number of gallons 
annually. Growth in switchgrass production, water use or other unintended 
consequences can be observed from participants and used to move forward with any 
policy development. The shifts in resources and markets could potentially lead to areas 
of weakness in current policies or indicate policies missing from consideration. 
Returning to the research phase of the program could be required to prevent a new 
policy installment to counteract the indirect shifts.  If the environmental impacts from 
the prospective LCAs are not as expected, additional research may be needed in order to 
prevent extreme negative impacts. If the preliminary initiative results in the extreme 
stress on a system, then it will not be successful as a required policy. Once a voluntary 
initiative is seen as successful in resource use and environmental impacts, a designated 
policy or regulation can be place for all members of the industry to follow.  Policies will 
be different based on regional needs, but should all work together for federal concerns. 
Policies not only need to be used for the biofuel industry, but also to protect all 
parties and industries involved. There needs to be consideration given to food security, 
environmental impacts, and the rights of the farmers and landowners. The UK Nuffield 
Council on Bioethics report provides insight into where policy may be needed to prevent 
unethical actions (Buyx et al., 2011; P. Thompson, 2012). The report can be broken into 
1) common good of mitigating climate change, 2) respect human rights and vulnerable 
populations and 3) increasing stewardship, sustainability, and intergenerational justice. 
Five principles make up the framework proposed by Nuffield in order to be applied to 
biofuel production. 
1) Biofuels development should not be at the expense of people’s essential rights 
2) Biofuels should be environmentally sustainable 
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3) Biofuels should contribute to net reduction of total GHG emissions and not 
exacerbate global climate change 
4) Biofuels should recognize the rights of people to just reward 
5) Costs and benefits of biofuels should be distributed in an equitable way (Buyx et 
al., 2011) 
Similar to the Nuffield principles, earth systems engineering management (ESEM) 
provides principles to guide human involvement in natural processes and systems. 
ESEM principles make discussion for ethical dilemmas possible with statements that 
require thought. The next section uses ESEM principles to discuss the progression of 
switchgrass-derived biofuels. 
Involvement and Handling Environmental Ethics – Earth System 
Engineering Management: 
An approach to consider ethical dilemmas tied to biofuel production is to use 
ESEM principles to guide the discussion. The three ESEM principles used for the 
discussion are 1) limit involvement 2) be aware of boundaries and expect failure outside 
the boundary and 3) evaluate technology’s role. These three categories are briefly 
discussed because of their obvious connection to biofuel production and ability to 
support all sides of the environmental ethical dilemmas discussed in this thesis. 
ESEM Principle - Limit involvement 
The ethical dilemmas discussed in this thesis incorporate an element of human 
involvement. With involvement in natural systems brings more concerns and 
possibilities of unintended consequences. A principle of ESEM says to “Only Intervene 
when necessary and only to a required extent.” (Allenby, 2007). Inputs of land and 
water for switchgrass are limited and currently used as resources for other products or 
industries. The extended growth of switchgrass can lead to exploitation of our resources 
and creates a need for continuous intervention to address unintended consequences.   
  47 
Take for example the initial growth of corn ethanol. The increase in business for 
Midwest farms and environmental benefits made corn ethanol very appealing. (Akinci et 
al., 2008; Sorda et al., 2010).  Research was conducted continuously to develop higher 
ethanol blended gasoline and vehicles for intervention in the fuel industry.  The required 
extent of use of corn ethanol was not understood. As popularity grew, corn markets 
began to feel the stress from a new heavy purchaser. Restrictions and policies began to 
be put in place to balance the industry and counteract intervention.  That is one of the 
reasons why corn ethanol is capped in the RFS2. Also, this began the search for 
alternative sources of fuel and second generation biofuels such as switchgrass (Buyx et 
al., 2011). 
ESEM Principle - Be aware of boundaries & alert to other areas of failure 
The complexity of the system of switchgrass-derived biofuel can be seen from the 
various potential ethical dilemmas discussed. Another earth system engineering 
management principle discusses the importance of being honest about complex systems, 
not over simplifying to remove real world links and connections (Allenby, 2007). This 
ESEM principle says “it is critical to be aware of the particular boundaries within which 
one is working and to be alert to the possibility of logical failure when one’s analysis 
goes beyond the boundaries.” The popularity of switchgrass as a biofuel feedstock 
includes its perceived a) reduction on demand on human food supply b) provision of a 
more sustainable and environmentally-friendly means to meet fueling demands, and c) 
enhancement of energy efficiency compared to corn. Simplifying the issue of switchgrass 
vs. corn to any of these areas could cause a misunderstanding and present a false view of 
the situation. For example, there is research that supports the conclusion that 
switchgrass is not the right change from corn for biofuel production (Patzek, 2010). 
Patzek presents a study comparing the use of switchgrass with corn, highlighting the 
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importance of recognizing the system boundaries are not just based on agriculture, 
energy, or environmental impacts but rather the combination of these areas. 
Boundary definition is very important to be understood because anthropocentric 
and biocentric individuals might envision different systems. The anthropocentric 
viewpoint on switchgrass biofuels might focus on the fact that switchgrass is not 
included in the human diet. A biocentric view might reach to include the animals that 
have switchgrass as feed. This viewpoint might also be more sensitive to the adjustments 
in biodiversity than economic markets for increased switchgrass. Incorporating this 
ESEM principle in policy creation ensures that the complex boundary can be made clear 
to all involved. 
ESEM Principle – Evaluate technology 
There are technology improvements in ethanol production efficiency and 
reductions of GHGs due to the shift in fuel use that will accompany the increased 
biomass production and ethanol yield, but it is still only relative. The ESEM principle 
focusing on technology also incorporates the importance of evaluation prior to large 
scale development (Allenby, 2007). This ESEM principle states: “the capability to model 
and dialogue with major shifts in technological systems should be developed before, 
rather than after, policies and initiatives encouraging such shifts.” The prospective 
thinking of the impacts from the technology with small scale evaluation will allow for 
scenarios to be created, researched, and predict economic and social outcomes. 
Similarly, we would not want to invest in a switchgrass biofuel monopoly until the 
technology involved is fully understood. A review of ethical obligations by policy makers 
and scientists brings up the following point: 
“At present, it is almost impossible to predict exactly whether a technology will 
emerge as a successful biofuels pathway that avoids causing harmful 
consequences. What can be said with confidence is that the lessons learned from 
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the problems of established biofuels must be integral in the development of new 
ones in order not to repeat the mistakes of the past. Meanwhile, it is clear that 
established biofuels will continue to play a role while new products emerge, but 
mechanisms to mitigate their negative effects are imperative.”(Buyx et al., 2011) 
 The technology around biofuel production is not at its limit and will continue to 
grow. In order to account for the constant development, techniques such as LCA will 
allow for prospective insight before large scale implantation. The combination of LCA in 
research and policy around technology will help stability in the complex system. The 
view on the state of biofuel production, from switchgrass or other feedstock is still a 
personal matter as technology changes. This ESEM principle enables conversations 
about the role of technology from anthropocentric and biocentric individuals involved. 
Conclusions & Future Work: 
The optimal conditions to produce switchgrass biomass will be researched in 
order meet alternative fuel goals and take advantage of incentives. The inputs for 
cultivation are the first factors that can lead to increasing the odds of having high 
biomass yield.  Nutrients are vital to the growth process. Nitrogen fertilizer along with 
other nutrients may need to be supplied to the fields regularly to increase the odds of 
high yield. Additional water use through irrigation will most likely be involved in best 
agriculture solutions. Research will need to consider the combination of fertilizers, 
irrigation, land use, and environmental concerns from anthropocentric and biocentric 
members in the biofuel industry. 
The future work on switchgrass derived biofuels will need to reduce the amount 
of uncertainty currently present. The data available for agriculture is regionalized. 
Switchgrass has the potential to grow in the majority of the continental U.S., but there is 
a lack of data from some regions, making country-wide estimates unrealistic. Also, 
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agriculture inputs in general will need more data. Water use and irrigation is one large 
area of uncertainty that future work should focus on. For total environmental impacts to 
be accurately represented, land use changes will also need to be agreed upon in future 
research. Current literature does not agree on how to consider the tradeoffs associated 
with the conversion of lands for agriculture or production needed for the biofuel 
industry. Greater understanding on these uncertainties will be useful for the progression 
of the biofuel industry. 
 Additional research combining policy, environmental impact assessment tools, 
and potential ethical dilemmas will allow for assessment of overall sustainable influence 
of switchgrass biofuel. As seen with the RFS2 goals and CA LCFS policies, switchgrass 
derived ethanol and replacement fuels can meet environmental goals of reducing GHGs, 
but still impact eutrophication, water use, and land use. LCA only enables policies to 
evaluate environmental impacts; other aspects of sustainability such as economics and 
social implications are not quantified with LCA tools. Finding ways to use LCA and other 
means of considering unintended consequences is still important for policies. ESEM 
principles on intervention, boundary definition, and technology involvement can help 
shape the involvement of policy and technology in switchgrass derived biofuel 
production. 
Research on the restructuring of policy fulfilment will need to be conducted for 
future advancement of biofuels policy. For switchgrass biofuels to meet national and 
state specific energy targets, the current process of using policy for biofuel feedstock and 
production should include life cycle thinking early to avoid large scale unintended 
consequences. Also, policy will need to be assessed on how to account for shifts in other 
industries. 
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A discussion of environmental ethics and the biofuel industry is necessary to 
understand the different views on biofuel production. Today, anthropocentrism and 
biocentrism (placing the best interests of individual living organisms first) can be seen in 
arguments for and against the biofuel industry. It is a challenge to incorporate these 
outlooks into biofuel policy and technology advancement. Switchgrass-derived biofuel 
serves as an example that next generation biofuels also have ethical dilemmas besides 
food vs. fuel. The focus on marginal lands for switchgrass agriculture causes concern for 
ecosystem invasion. Also, growth in popularity and dependency on switchgrass as a 
biofuel feedstock will encourage additional nutrient treatment and irrigation for higher 
yields. Farmers who consider converting their land for switchgrass production will need 
to consider the additional costs and impacts associated with consistent high biomass 
production. Policy makers need to consider the life cycle of switchgrass biofuel impacts 
as well as the social concerns of industries involved such as farmers and local 
governments. The policies encourage high volumes of advanced fuels without addressing 
the unintended consequences from increasing human involvement in natural systems. 
As switchgrass grows in popularity, additional research on the relationships between 
policy, new technology, and environmental impacts will benefit the country as the 
government works towards sustainable energy policies. 
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The goal of the proposed research is to quantify the policy implications of increased 
biofuel production. We will evaluate the environmental impacts associated with 2nd and 
3rd generation biofuels, specifically focusing on perennial grasses, sorghum, and oil 
seeds for the production and commercialization of drop-in biofuels in each of the four 
US Census Bureau defined regions of the US. We propose to evaluate the feasibility of 
meeting the EISA Renewable Fuel Standards (EISA RFS) as well as local policies such as 
the Penn Security Initiative and California’s Low Carbon Fuel Standard (LCFS). Finally, 
we aim to evaluate strategies for avoiding or mitigating any unintended consequences.  
The specific objectives include:  
1. Develop life cycle inventory (LCI) and LCA modules for several biomass to drop-
in replacement biofuel pathways. The modules will contain essential information 
about the processes for the LCA of a variety of advanced drop-in replacement 
biofuels. Feedstocks will include perennial grasses, sorghum, and oil 
seeds; they will be modeled in each of the four US Census Bureau defined 
regions of the US.  
2. Identify implications of existing and future renewable fuel policies, biomass 
feedstocks, processing methods, upgrading pathways, final fuel and coproduct 
mixes, and emissions in the U.S. 
3. Assess the policy ramifications and unintended consequences of using several 
different biomass feedstocks and conversion pathways for producing low biofuels 
and other useful bioproducts in the U.S. context.  
Disseminate the data, LCA modules, and findings via the USDA Commons 
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